An NPTII/GFP fusion marker previously was used to optimize parameters for the stable transformation of grapevine (Vitis vinifera 'Thompson Seedless'). Several hundred embryogenic culture lines were recovered, each presumably containing unique insertion(s) of the fusion marker. Subsequently, plants regenerated from the culture lines were evaluated for GFP expression pattern. It was discovered that certain plants exhibited enhanced GFP expression in their vascular systems. Furthermore, microscopic examination revealed that GFP expression was particularly high in both xylem and phloem tissue, as well as vascular cambium. Subsequently, a gene coding for the lytic peptide Shiva-1 was linked to the fusion marker and used to transform grapevine. ELISA analyses of regenerated plants revealed that lytic peptide was present in the same tissues that expressed GFP. These results suggest a method of selecting grapevines with enhanced antimicrobial gene expression in xylem tissue, since such genes can be linked to function in concert with the GFP/NPTII fusion marker.
INTRODUCTION
Grape (Vitis sp.) is the world's most valuable fruit crop due to its multiple uses for wine and as a fresh fruit and raisin. The main species of commerce, Vitis vinifera L., is susceptible to attack by numerous pests and disease-causing agents. Development of varieties with enhanced disease resistance would support existing grape industries and might allow production to expand into previously inhospitable tropical/subtropical regions of the world (Gray et al., 2005) .
However, grapevine is very difficult to improve genetically by conventional breeding due to several factors. Grapevine has a life cycle of two-to-five years. It exhibits inbreeding depression so that homozygous lines cannot be developed. For wine varieties, phenotype is particularly important and varietal fidelity is of paramount concern. All of these factors conspire so that grape varieties must be propagated vegetatively to maintain clonal fidelity and use of breeding is not a particularly viable method for improvement (although it is used successfully for seedless table grapes) (Gray et al., 2002) . In most instances, varietal improvement has been effected by "clonal selection" of variant phenotypes from established varieties to produce sub-clones (e.g., Rantz, 1995) . However, clonal selection is a random approach that does not allow intentional introduction of specific traits, such as disease resistance, into desirable varieties.
Genetic transformation is an alternative to conventional breeding and clonal selection for improvement of grapevine because it alleviates all of the aforementioned shortcomings by enabling addition of specific traits into otherwise desirable varieties (Gray et al., 2002) . Recently we described methods to reliably produce transformed grapevines of important varieties with the primary goal of introducing genes for disease resistance (Li et al., 1999; 2001a) .
Since many disease-causing organisms exhibit a spacial and/or temporal mode of action, it would be advantageous to synchronize transgene activity to occur during key stages in the epidemiology of a particular disease. Most attempts to instill spacial or temporal transgene expression in plants have relied on the use of tissue-specific (e.g., Edwards and Coruzzi, 1990) or developmentally-regulated (e.g., Guilfoyle, 1997) promoters. However, another possible approach is to utilize constitutive promoters and capitalize on the selection of transgenic plants with differential gene activity due to random insertion of transgenes into a particularly effective location of the plant genome. Many previous studies have reported differential gene action among transgenic test populations composed of identical plants and containing identical genetic constructs, but differing only by each individual having a random and/or multiple insertion site(s) of the transgene. Such populations commonly contain plants with varying amounts of resistance or even different expression patterns of visible markers, such as GUS (e.g., Gray et al., 1993) . This paper discusses an approach to utilize differential gene action due to random insertion of transgenes by combining strong visible (GFP) and selectable (NPTII) markers with a resistance gene (lytic peptide) in a very efficient transformation system. This approach allows many uniquely-transformed individuals to be produced and conveniently screened for tissue-specific transgene expression.
PIERCE'S DISEASE
One of our interests in evaluating this approach for grapevine is because of Pierce's disease (PD), which is caused by a xylem-limited bacterium, Xylella fastidiosa. Theoretically, targeting an antimicrobial transgene to express in the xylem of grapevine would inhibit PD.
PD is transmitted from vine-to-vine by xylem-feeding insects, such as the blue-winged sharpshooter (Adlerz and Hopkins, 1979) . These insects are adapted to subsist on the xylem sap of vascular plants and often have a broad host range. Like the xylem-feeding insects, Xylella fastidiosa is adapted to live only in xylem sap and it has been found in a wide range of vascular plants. Disease occurs when bacterial populations in xylem increase to levels to disrupt water flow by physically clogging vessels or by inducing the host to form gums and tyloses (Goheen and Hopkins, 1988) . Symptoms of PD resemble wilts and may consist of minor "marginal burn" of leaves (i.e., from clogging of the finest vessels, which are present in leaf margins), or complete death of the vine (due to clogging of the xylem vessels in the trunk). Although many native grapevine species tolerate presence of the bacterium as an endophyte and do not show symptoms (presumably due to their ability to suppress inter-xylem bacterial populations), introduced species, like V. vinifera, always will eventually die in regions of high PD pressure such as the subtropical coastal plain of the southeastern United States. Our ability to control PD would be significant, since it is the limiting factor to establishment of a V. vinifera-based grape industry in the southeastern US. PD now increasingly is a threat to the grape and wine industries in the state of California due to introduction of the glassy-winged sharpshooter, which is a more aggressive insect vector, and could spread to other parts of the world as well.
DEVELOPMENT OF GRAPEVINES WITH TISSUE-SPECIFIC TRANSGENE EXPRESSION Embryogenic Culture System
With few exceptions, successful grape transformation has involved use of embryogenic cultures (Gray et al., 2002) . Recovery of non-chimeric transgenic plants are the norm for grape, suggesting that they arise from single transformed cells; thus, somatic embryogenesis represents an ideal system for transformation. Embryogenic cultures are induced from floral organs, such as stamens, and from vegetative organs, such as leaves (Gray, 1992; Gray and Mortensen, 1987) . In some instances, embryogenic cultures have been maintained for several years (Gray, 1995) , allowing a potentially inexhaustible supply of target cells for transformation. The primary obstacle to transformation is that embryogenic cultures are difficult to induce from many varieties and culture maintenance over time is problematic for many of the varieties that can be induced (Gray, 1995) . Thus, the embryogenic response remains genotype-dependent. Currently, it is not possible to induce embryogenic cultures from many desirable varieties; hence, it is not possible to transform them. Therefore, a primary need in utilizing transgenic technology for grape improvement is to increase the number of varieties that can be induced to form suitable embryogenic cultures for transformation.
In current research, we rely primarily on V. vinifera 'Thompson Seedless' as a model (see Scorza et al., 1996) , although a number of other varieties, including Chardonnay and Merlot, are in active use. Agrobacterium-mediated transformation is used exclusively. We have found that Agrobacterium strain EHA105 (Hood et al., 1993) infects grape and provides repeatable results. The basic transformation system recently was described (Li et al., 2001a) .
Markers, Selection and Constructs
Selectable markers permit resistant transformed cells to outgrow their non-transformed counterparts due to selection pressure and, thus, facilitate the successful recovery of transformants. Reporter markers, on the other hand, provide transformed cells with a visible phenotype that facilitates efficient identification of transformants at various stages of cell growth and development. Reporter markers also serve as indicators of transgene expression that can be quantitatively scored for monitoring transformation conditions and for fine-tuning the parameters that affect transformation efficiency. We have used the neomycin phosphotransferase II (NPTII) gene, which, when expressed, detoxifies and provides resistance to a number of antibiotics. The antibiotic kanamycin is applied at 25 -75 mg/l to successfully select transgenic plants (Li et al., 2001a) .
The green fluorescent protein gene (GFP), isolated from the Pacific Northwest jellyfish (Aequorea victoria), has become a widely-used reporter marker to monitor transgene expression in plants. GFP fluoresces in vivo when it receives light energy rather than as a result of a chemical reaction. GFP is unique in that its use does not require phytotoxic substrates as do most other reporter systems, including GUS. Therefore, GFP allows continuous monitoring of transgene expression without the need to sacrifice valuable tissue for analysis. In our preliminary evaluations of available mutated variants of GFP, we determined that the enhanced green fluorescent protein gene (EGFP) with human codon usage provided high expression in grape. We subsequently described use of EGFP to characterize factors that affected Agrobacterium-mediated transformation of embryogenic cultures of various grapevine genotypes (Li et al., 1999; 2001a) . In that study, susceptibility of 18 genotypes to Agrobacterium infection and their ability to form stably transformed calli were determined. Equally important, the use of EGFP facilitated early identification of non-chimeric transformants and permitted the recovery of transgenic grape somatic embryos and plants within a relatively short period of time.
The use of NPTII to select and encourage recovery of transgenic grape cells along with EGFP as a reporter for actual gene expression provides a powerful tool to select plants with tissue-specific expression. To optimize the functionality and versatility of these two markers, we developed a bifunctional fusion construct, which allows both genes to be driven by a single promoter and terminator (Fig. 1) . Resulting functionality of the fused genes can be attributed to the facts that both are small (allowing for efficient manipulation into constructs), stable and tolerate terminal fusions. To further preserve functionality, the linked genes were separated with a 6 x His polypeptide tag to minimize protein folding interactions (Li et al., 2001a) . In preliminary studies, we found that both the NPTII and EGFP expression levels were at least as high in the fusion construct as in unfused versions of the genes.
Expression Patterns
Embryogenic grape cells were transformed with Agrobacterium and transgenic plants regenerated through the process of kanamycin selection along with continuous visual monitoring for GFP expression. A population of 100 regenerated plants were produced and established in a greenhouse. From these plants, leaf tissue samples were examined for GFP expression patterns. It was found that individual transgenic plants recovered from different transformation events often displayed unique GFP expression patterns, despite the fact that they were clonally propagated from a single 'Thompson Seedless' plant and contained the identical fusion construct (Table 1 ). In particular, we discovered plants that expressed varying levels of GFP specifically in vascular tissue. Figure 2 shows leaves from two such plants; one plant with lamina expression but showing no apparent vascular expression (Fig. 2a) and the other plant with very high expression in vascular tissue (Fig. 2b) . Sections of such vascular tissue-expressing leaves showed that GFP was localized in xylem parenchma as well as phloem tissue (data not shown). It was also discovered that plants with vascular expression in leaf tissue also exhibited the same expression pattern in stems and roots.
This discovery of plants with high transgene expression in the same tissue that is colonized by Xylella fastidiosa suggested that the addition of a third gene with antimicrobial properties might provide a method of producing plants resistant to PD. As such, we added the Shiva-1 gene to the construct that contained the NPTII/GFP fusion gene. Shiva-1 produces an antimicrobial lytic peptide that kills bacteria, including Xylella fastidiosa, under in vitro conditions. Theoretically, the plants transformed with Shiva-1, targeted for xylem expression by use of the NPTII/GFP fusion construct, would inhibit Xylella.
Assay for Lytic Peptide in Xylem Sap
A noteworthy point in this study is that, although GFP expression was very strong throughout the xylem tissue in selected plants, the actual xylem sap did not fluoresce. Therefore, presumably the NPTII/GFP fusion protein was too large to be translocated from xylem parenchyma into the xylem vessels. It was necessary to determine whether the significantly smaller lytic peptide molecules would be translocated into xylem sap. Antibodies were produced in order to utilize ELISA for detection of Shiva-1 protein in xylem sap. Since such small peptides tend to be difficult to detect with ELISA, a sensitive method was developed that allowed detection of Shiva-1 in transgenic grape (Li et al., 2001b) . Samples of pure xylem sap were collected by decapitating well-watered potted plants early in the morning. Drops of sap formed on the cut surface of the stem, which were collected with a micropipette and subjected to ELISA. It was determined that the sap contained levels of Shiva-1 that correlated with the levels found in whole leaf samples. This study confirmed that plants with high vascular expression of GFP also contained lytic peptide in xylem sap.
CONCLUSIONS
This research demonstrates a method of achieving tissue-specific expression of transgenes without the need of identifying and utilizing promoters with tissue-specific activity. The variation in expression due to differential insertion of transgenes into the host genome was exploited by use of an efficient transformation system combined with a non-destructive visible marker. We were able to increase overall versatility and efficiency of the selection system by utilizing a unique NPTII/EGFP fusion marker, which simplified the selection process by allowing both antibiotic resistance and tissue-specific expression to be determined with one construct driven by a single promoter; this eliminated the possibility of ambiguous conclusions resulting from the possibility of promoter-promoter interactions. This research also illustrated the utility of such an approach by demonstrating that an additional transgene with practical application (i.e., antimicrobial activity) could be linked to the fusion construct to exhibit similar tissue-specific expression. Figures   Fig. 1 . Structure of the NPTII/EGFP fusion construct. 
